Objective: To study the feasibility of engineering cartilage tissue in a tube lined with epithelium and implanting allogenic chondrocytes in a novel scaffold that is made of chitosan nonwoven cloth coated with poly(DL-lactideco-glycolide).
T

HE KEY POINTS IN REPAIR-
ing laryngeal and tracheal stenosis or defects are to recover the cartilage and its mucosal inner chamber. Because of the finite supply of autologous cartilage, this remains a clinical challenge. Tissue engineering, a relatively new field that enables tissue equivalents to be created from isolated cells in combination with biomaterials and bioreactor culture vessels, can potentially provide a basis for systematic, controlled, in vitro studies of tissue growth and function. Tissue engineering brings the hope of being able to repair cartilage defects of the larynx and trachea. 1, 2 The function of a large area of mucosal defect in the larynx and trachea can be revitalized by removing a musculocutaneous flap or by performing a free skin graft to allow the area to change to mucosa gradually. 3, 4 To our knowledge, the simultaneous repair of cartilage and its mucosal integrity has not been reported. In this study, we attempted to construct allogenic cartilage in tubes lined with epithelium in vivo by using a novel scaffold made of chitosan nonwoven cloth coated with poly(DL-lactide-co-glycolide) (PLGA).
The focus of the present study is to explore a new way of repairing laryngeal and tracheal defects.
METHODS
Fourteen New Zealand white rabbits from Nanjing Jinling Breeding Rabbit Farm ( Jiangsu, China) were used in the study. Animal welfare and experimental procedures were strictly in accordance with the Guidelines on the Care and Use of Laboratory Animals 5 and the related ethical regulations of China. The experimental design of the present study is shown in Figure 1 .
CHONDROCYTE HARVESTING, ISOLATION, AND CULTURE
The auricles of 1-month-old New Zealand white rabbits were harvested under sterile conditions. After the cartilage was washed 3 times with phosphate-buffered saline (with the addition of penicillin G, 200 U/mL, and streptomycin sulfate, 200 µg/mL; Invitrogen Corporation, Carlsbad, California), it was diced into pieces of approximately 1 mm 3 and placed into a centrifuge tube to which double volumes of collagenase II (0.3 mg/mL; Sigma-Aldrich, St Louis, Missouri) were added. After the mix- ture was digested for 6 hours at 37°C in a homeothermic pulsator (model ZHWY-211C; WitCity Analyzing Instrument Manufactory Co Ltd, Shanghai, China), phosphate-buffered saline was used to terminate the digestion. The material was rinsed 2 times and centrifuged at 2000 rotations per minute for 10 minutes, and the supernatant was discarded.
After filtration of the supernatant through a 100-µm filter, the chondrocytes obtained through incomplete enzyme digestion of the cartilage were seeded with small pieces of cartilage (Ϸ0.4 mm 3 ) in culture flasks that had been coated previously with poly-L-lysine (0.1%). First, small pieces of cartilage that had not undergone filtration were put into vacant flasks, and RPMI 1640 culture medium (fetal bovine serum, 150 g/L; vitamin C, 5 mg/dL; penicillin G, 100 U/mL; streptomycin sulfate, 100 µg/mL; and L-glutamine, 2 mmol/L; HyClone, Thermo Fisher Scientific, Logan, Utah) was added. (To convert vitamin C to micromoles per liter, multiply by 56.78.) The flasks were inverted for 2 hours, and then the chondrocyte suspension was mixed in symbiotic culture with the cartilage and maintained in the incubator at 37°C in a 5% carbon dioxide atmosphere in primary monolayer culture until confluency. 6 Culture medium was initially changed after 3 days, and thereafter it was changed every other day. Cells were harvested by treatment with trypsin, 2.5 g/L (Sigma-Aldrich), and counted with a hemocytometer by using trypan blue exclusion and then cultured in monolayer for 3 or 4 passages.
CONSTRUCT PREPARATION
The novel scaffolds made of chitosan nonwoven cloth (degree of deacetylation, Ն90%; molecular weight, 2-5ϫ10 5 ; Hainan Xinlong Spunlace Materials Co Inc, Laocheng, China) coated with PLGA (DL-lactide and DL-glycolide according to a molematching ratio of 75:25; Research Institute of Polymer Chemistry, Sun Yat-sen University) were cut into 2.2 ϫ 2.3-to 4.2-cm sheets and soaked in poly-L-lysine for 6 hours, and then air dried naturally. After being steeped in 75% alcohol for 2 hours and washed 3 times with phosphate-buffered saline, they were placed in culture flasks with RPMI 1640 culture medium at 37°C to incubate for 24 hours. Two hours before chondrocyte implantation, the RPMI 1640 culture medium was removed and the scaffolds remained in the incubator. The chondrocytes were collected, and the density of cell suspension was adjusted to 5ϫ10 7 / mL. The cells were then implanted in the scaffolds and cultured at 37°C in the incubator. Fresh medium was added every other day, and the composites were cultured in vitro for 10 days.
CONSTRUCT CULTIVATION IN VIVO
Twelve 4-month-old New Zealand white rabbits (each weighing 2.0-2.5 kg) were anesthetized via venous injection with 3% pentobarbital sodium (30 mg/kg). Under sterile conditions, 2 parallel incisions were made in the abdomen, the subcutaneous tissue was detached between the incisions, and a silica gel tube that sheared approximately 10 pores (2 cm long and 0.6-to 1.2-cm diameter) was placed on the surface of the skin. After the inside margin of each of the 2 parallel incisions was sutured to form a skin tube, with the silica gel tube inside, the composite of chondrocytes and scaffold was convoluted and coated onto the skin tube, which was then stabilized with 4-0 absorbable sutures. Finally, we detached the subcutaneous tissue and the muscles of the abdomen outside of the incisions up to the peritoneum so that they were embedded at the depth of the abdominal muscles ( Figure 2) ; all layers were then su- 
CONSTRUCT ANALYSIS
Groups of 4 rabbits were humanely killed at 6, 12, and 18 weeks after surgery, and samples of the compounded construct were harvested. After the samples were soaked in 4% neutral formalin, they were embedded in paraffin and stained with hematoxylin-eosin, toluidine blue, and Masson's trichrome.
RESULTS
MORPHOLOGIC CHARACTERISTICS
Chondrocytes adhered to the scaffold fibers individually or in coenobiums, and the cobweb-like matrix was secreted among the fibers after implantation and cultivation for 1 week when viewed under phase contrast microscopy. Macroscopically, 6 weeks after surgery, the composites of chondrocytes and cytoskeleton retained their approximate primary shape and were covered by a layer of pink connective tissue. When the connective tissue was removed from the samples, they appeared ivory-white and without blood vessel distribution. Their size was approximately equal to that of the originally transplanted size. At 12 weeks, the neocartilage in the tube lined with epithelium had been fabricated. At 18 weeks, the composites had increased in volume and the samples appeared ivorywhite and elastic, like cartilage tissue, lined with epithelium. Among the engineered cartilage tubes, the longest was 1.8 cm and the maximum diameter was 0.9 cm.
HISTOLOGIC FINDINGS
After 6 weeks of transplantation, the matrix was secreted and there were immature chondrocytes in the grafts. The chondrocytes were oval (Figure 3) . At 12 weeks, the neocartilage in a tube lined with epithelium had been fabricated. Chondrocytes were almost mature and the lacunae had formed. The contents of the matrix had obviously increased (Figure 4) . At 18 weeks, the neocartilage was similar to native cartilage. The chondrocytes were spherical and obvious lacunae could be seen. The morphologic features and the matrix contents were almost the same as those of native chondrocytes. The epithelium was well adhered to the inner cartilage tubes ( Figure 5 and Figure 6 ).
COMMENT
The larynx and trachea are hollow tubes, so an ideal graft should have the same sustainability, permanent viability, and integrity as the epithelium inner chamber. The native columnar epithelium with cilia is crucial to prevent secretion storing and cicatrization, but it is very difficult to achieve such a graft. At present, often a musculocutaneous flap is removed or a free skin graft is performed to allow the area to change to mucosa gradually and to implement its function. In our experiments, we used the technology of tissue engineering to construct neocartilage in tubes and we created coating with an epithelium inner chamber by using a tubular skin flap. These experiments may offer a clinical basis and reference for the simultaneous repair of laryngeal and tracheal defects in the future.
Three-dimensional cytoskeleton and its role in the temporary extracellular matrix are vital in the process of cartilage engineering. 7 The cytoskeleton provides a locus for adhesion, differentiation, metabolism, and proliferation of chondrocytes. 8, 9 An ideal biomaterial carrier should have satisfactory biocompatibility, biodegradation, absorption, cell interface, permeability, intensity, and 3-dimensional structure. 2 For the hollow tubes of the larynx and trachea, sufficient mechanical intensity and agile plasticity are the requirements for cytoskeleton; however, these qualities remain deficient in the currently used scaffolds. The PLGA that we used was a copolymer of DLlactide and DL-glycolide based on a mole-matching ratio of 75:25. It possessed satisfactory tensile strength, biocompatibility, and biodegradation and has been widely used in cartilage tissue engineering 10 ; it was friable and insufficient in plasticity. The chitosan nonwoven cloth is a novel biomaterial. Findings from our previous experiments in animals confirmed that chitosan nonwoven cloth is not toxic and does not produce an inflammatory reaction. It had appropriate degradation properties in vitro or in vivo and showed ideal biocompatibility in general histologic analysis. 11 It was plastic but insufficient in tensile strength. Integrating the superiority and peculiarity of the 2 materials, we reported our method of producing the novel scaffold made by chitosan nonwoven cloth coated with PLGA. 12 The novel scaffolds made in this way had a stable 3-dimensional microstructure with controllable variables and reliable biomechanical performance and plasticity. The porosity of the scaffolds was 82% to 86%, and the pore size ranged from 100 to 300 µm. The chondrocytes implanted in the scaffolds adhered to the fibers and grew well. Thus, we deduced that the specifications of the scaffolds met the requirements of engineered cartilage for the hollow larynx and trachea. This would be promising in the research of repairing cartilage defects of the larynx and trachea through the use of tissue engineering.
Vacanti et al 13 first produced engineered cartilage tubes in vivo in athymic nude mice by using polyglycolic acid scaffolds. We constructed engineered cartilage in tubes lined with epithelium by implanting allogenic chondrocytes in the novel scaffolds in vivo for use in immune animals.
The use of allogenic chondrocytes as seeding cells for cartilage tissue engineering is receiving great attention. Our research demonstrated that the composites of allogenic chondrocytes and the novel scaffold could produce cartilage tissue after being transplanted in vivo without immunologic rejection. This may be because cartilage has inferior immunity and its surface antigen is weakened or is destroyed by digestion, isolation, culture in vitro, and carrier implantation. Therefore, the immunogenicity of allogenic chondrocytes is weakened. 14 The idea in using tissue engineering technology to treat laryngeal and tracheal stenosis or defects is to combine engineered cartilage, engineered mucosa and submucosa, and engineered intrinsic laryngeal muscle to simultaneously fabricate larynx and trachea organs in situ or ectopia. Our research represented merely a pilot study. The maximum diameter of harvested engineered cartilage was 0.9 cm. Experiments with larger-caliber tubing demonstrated that the neocartilage was not unsatisfactorily formed, which could be related to the rabbits' small somatotype, their lack of local muscles and soft tissues, and their frequent activity. Perhaps sufficient nourishment was not available. The specific reasons remain to be clarified. Furthermore, the shearing intensity, ductility, energy absorption efficiency, and degree of stress of the harvested neocartilage were perhaps insufficient to achieve or approach the demand of practical application. More appropriate biomaterials and methods for clinical application are required for further research.
In conclusion, our experiments demonstrated that the composite of allogenic chondrocytes and the novel scaffold, made with chitosan nonwoven cloth coated with PLGA (75: 25 mole-matching ratio), could produce engineered cartilage after being transplanted in vivo in rabbits. It was feasible to fabricate neocartilage in a tube lined with epithelium in vivo in immune animals without immunologic rejection occurring. We found a new way of simultaneously repairing the cartilage and its epithelial integrity in the larynx and trachea. Therefore, we believe that, in the future, with the progress and perfection of tissue engineering technology and other relevant research areas, and using our experimental design, human allogenic cartilage can be fabricated in a tube lined with epithelium to allow for the simultaneous clinical repair of laryngeal and tracheal defects. 
